Using commercially available microarray technology, we investigated a series of transcriptional adaptations caused by atrophy of rat m. soleus due to 35 days of hindlimb suspension. We detected 395 out of 1,200 tested transcripts, which reflected 1%-5% of totally expressed genes. From various cellular functional pathways, we detected multiple genes that spanned a 200-fold range of gene expression levels. Statistical analysis combining L1 regression with the sign test based on the conservative Bonferroni correction identified 105 genes that underwent transcriptional adaptations with atrophy. Generally, expressional changes were discrete (<50%) and pointed in the same direction for genes belonging to the same cellular functional units. In particular, a distinct expressional adaptation of genes involved in fiber transformation; that is, metabolism, protein turnover, and cell regulation were noted and matched to corresponding transcriptional changes in nutrient trafficking. Expressional changes of extracellular proteases, and of genes involved in nerve-muscle interaction and excitation-contraction coupling identify previously not recognized adaptations that occur in atrophic m. soleus. Considerations related to technical and statistical aspects of the array approach for profiling the skeletal muscle genome and the impact of observed novel adaptations of the m. soleus transcriptome are put into perspective of the physiological adaptations occurring with muscular atrophy.
fibers from 2% to 48%, at the expense of type I fibers; and an augmentation in glycolytic enzyme activity and in contraction speed due to more F-type motor units are observed (1, (3) (4) (5) (6) . In addition, HS-induced changes are accompanied by parallel changes outside muscle fibers, such as a reduced capillarity (7) . The major physiological adaptations in m. soleus to 28-day HS (weight loss, contractile properties, faster times to peak, and shorter half-relaxation time) are similar to those of long-term HS (206 days) (5) . This finding would indicate that many of the physiological adaptations in 28-day HS m. soleus are complete and that the muscle structure, as well as the mechanisms involved in its maintenance, have reached a new steady state at that time.
The molecular mechanisms that underlie the adaptation of skeletal muscle to unloading in the HS model have been studied mainly on the level of protein and protein activity (1, 3, 8) . HS causes an acute 46% drop in protein synthesis rate, which is long-lasting; induces coordinated expression of lysosomal, Ca 2+ -activated, and ATP-ubiquitin-dependent cytoplasmic proteases; and increases myofibrillar protein degradation, which was demonstrated for the first 25 days of suspension (3, 9) . Thereafter, myofibrillar protein turnover reaches a new steady state, marked by a declined protein synthesis and a decreased protein degradation rate (3, 10) . HS increases the abundance of fast muscle type-specific contractile (type II myosins) and metabolic proteins (8, 11) . Moreover, HS causes modulation of extramyocellular events, such as a reduced amount of satellite cell number and proliferation (12) , activation and apoptosis of nuclei (13) , a reduction of extracellular growth factors (i.e., IGF-I); and increases in negative regulators of muscle mass and growth factors (i.e., myostatin and IGFBP-5) (14, 15) . These factors may also contribute to the "expressional adaptations" that cause muscle mass loss and fiber-type transformation. These observations indicate that adaptation of m. soleus to HS involves increased removal of type I associated (myofibrillar and capillary) protein structures and increased expression of type II fiber-specific proteins.
The complexity of the transcriptional events contributing to these multiple adaptations is little understood. Over the past few years, powerful novel technologies, such as serial analysis of gene expression (SAGE) and microarray analysis, have been developed. These techniques allow measurement of the expression of large sets of genes (16) . Recently, SAGE and Affymetrix microchips have been used to assess the transcriptome of rat skeletal muscle and have been shown to discriminate substantial differences in the gene profile between red and white skeletal muscles. Likewise, changes occurring with immobilization of fast skeletal muscle have thus been identified (17, 18) . Using a commercially available rat-specific microarray, we set out to analyze the modulation of the expression profile of a broad range of transcripts-involved in cellular maintenance, metabolism, and regulation-in the m. soleus as a consequence of 35-day HS, when the muscle has presumably reached a new, atrophied steady state. We hypothesized that, in this new steady state, multiple expression of genes related to specific cellular functions is changed in the same direction and by relatively small amounts for most species. It was asked whether a statistical cDNA array approach has the discriminatory capability to detect known and expected changes in the m. soleus transcriptome after 35 days of HS-and to identify changes not previously recorded or suspected.
MATERIALS AND METHODS

Rats
Sixteen female pathogen-free Wistar rats, each weighing about 200 g, were housed in a temperature-controlled room (22 ± 2°C) with a 12:12 light-dark cycle. They were fed rat chow and water ad libitum. After a week of acclimatization to their new environment, half of the animals were suspended for 5 weeks in individual cages by using Morey's tail-suspension model (19) . Animals were anesthetized by inhaling 1.5% halothane (oxygen mixture introduced by face mask) immediately after the 5-week suspension period, and the baseline control animals were killed at the same time. Solei muscles were excised, weighed, frozen in isopentane cooled by liquid nitrogen, and stored at -80°C until analysis. The experiments were carried out according to National Institutes of Health guidelines for the care and use of laboratory animals.
RNA extraction
For the extraction of total RNA from rat m. solei, we used a modification of the Qiagen midiprotocol for heart, skeletal muscle, and skin. The muscles were cut down completely to 25-µm sections on a cryostat, and the sections were transferred to a 2 ml cryo-vial and stored either in liquid nitrogen or at -80°C. After adjusting to -20°C, 1-2 ml of lysis buffer (RLT-buffer, QIAGEN AG, Basel, Switzerland) warmed to 45°C was added and the cut tissue was immediately homogenized with a rotor-stator homogenizer (Polytron PT1200, KINEMATICA AG, Lucerne, Switzerland) for 2 min. We removed nondissolved material by centrifugation at 13,000 g rpm for 5 min at room temperature. After threefold dilution of the RLT buffer, 120 mAU of Proteinase K (600 mAU/ml ~20mg/ml; Qiagen) was added, and the proteins were digested for 1.5 h at 45°C. Thereafter, we added one volume of RLT (this increases the salt concentration in order to improve subsequent binding to the column) and one volume of ethanol. The RNA was bound to a midi Qiagen column, washed twice with buffer RW1, and subjected to DNAse I digestion (RNase free DNase Set, QIAGEN) on the column. We did this, as well as the washing and elution of the RNA that followed, according to the manufacturer's instruction. We checked the integrity of the RNA with formaldehyde gels (Ratio of 28S to 18S bands between 1.8 and 2.0, in addition, recognizable bands above 28S). The concentration estimates from the ethidium fluorescence of the gel matched the estimates obtained by using the RiboGreen RNA quantification kit (Molecular Probes, Eugene, OR). The RNA isolated was stable, and it showed no sign of degradation when left at room temperature for a day or longer.
Array hybridization
The data presented were generated from a set (four filters) of Atlas TM Rat 1.2 cDNA arrays (no. 7854) obtained from BD Biosciences AG (Allschwil, Switzerland). These filters contain probes for 1,200 different rat cDNAs. In the procedures for probe synthesis and hybridization, we followed the manufacturer's recommendations with two exceptions. Briefly, 32 P dATP-labeled target cDNA was generated from 3 µg of total RNA by using the 1,200 specific primers supplied but equal units of Superscript II (Life Technologies AG, Basel, Switzerland) reversetranscriptase, instead of the recommended MMLV enzyme. To allow for repeated use of the membranes without significant loss of signal, we replaced the nucleotides (same concentration as recommended by Clontech) by nucleotides obtained from a Strip EZ RT kit (Ambion, Bioggio, Switzerland), which contain modified nucleotide dCTP. The target cDNAs were purified by column chromatography (ChromaSpin, supplied with the cDNA arrays). In accordance with the Clontech protocol, the membranes were hybridized overnight at 68°C with all of the generated probes in ExpressHyb solution (supplied with the cDNA arrays), washed three times for 1 h in 2× SSC (0.3 M sodium chloride, 0.03 M sodium citrate), 1% sodium dodecyl sulfate (SDS), and once for 30 min in 0.1× SSC, 0.5, and SDS at 68°C. For the detection of the cDNA signal probe after 5-7 days of exposure, we used a phosphor imager (Molecular Dynamics, Sunnyvale, CA). We processed batches of four RNA samples from two control and two suspended solei simultaneously. The incorporation of the modified nucleotide from the EZ strip system allowed us to strip the filters with a series of two to three washes of 0.5-2.0 h duration at 78°C. For a given (strong) spot, one month of decay (approximately two half-lives) of the 32 P, in combination with this stripping procedure, reduced the signal to <3%.
Array evaluation
The signals, given as the sum of pixels for each probe spot on the membrane, were estimated with AIDA Array Easy software (Raytest Schweiz A. G., Urdorf, Switzerland). For background determination, we used the "local dot ring" mode, which calculates background from the average pixel density of a ring around each spot. A gap region between each spot and the ring was inserted to minimize the effects of spot bleeding, which was encountered for many signals. From the 395 spots that were above background on all filters, the raw pixel values (without background correction) were used to determine whether the signal for a particular mRNA was significantly different between atrophied (suspended) and normal m. solei by using a statistical approach novel to array analysis (see below).
Statistical analysis
To determine whether the signal of a particular mRNA was significantly (P<0.05) affected in atrophied (suspended) versus normal m. solei, we used an approach that does not involve background correction of the data, which can introduce bias to the analysis (20) . The method we used is based on the fact that almost all scatter-plots of the pairs (X i , Y j ) were showing a strong linear relationship, where X i is the vector of log (gene expressions) from the i-th rat in the control group and Y j the vector of log (gene expressions) from the j-th rat in the atrophied (suspended) group for a particular cDNA signal. This linear relationship was given in this set of data because 1) most of our detectable mRNA signals are similar between atrophied (suspended) and control muscles and 2) the signal intensities covered a wide range.
This interrelationship suggests the use of the following I × J models. Let the index k stand for Gene number k.
Y jk = α 0 + α 1 X ik + ε k , for i = 1,...,I and j = 1,…,J, where α 0 is the difference of filter background values (labeled target nonspecifically binding to the filter), α 1 X ik the ratio of mRNA signal and ε k the (random) error that describes the influence of target synthesis and variations in hybridization, whereby the errors are assumed to have a symmetric distribution.
Using these assumptions, we performed, for each possible atrophied versus control pair of rats, an L1-Regression (21) with the S-Plus software package (version 6, Insightful, Seattle, WA), which estimates the regression parameters based on minimizing the sum of absolute values of the residuals. The argument for the use of an L1-Regression is its robustness with respect to heavytailed distributions in our sample, because a relatively small number of transcripts are expressed at very high levels (see Tables 1-3 ). In our study, the Barrodale-Roberts algorithm was used to compare eight atrophied (suspended) to eight control muscles, which resulted in 64 different regressions and, hence, 64 regression models for each mRNA.
Under the null hypothesis of "no effect of HS," the position of each gene relative to the according regression line is random. A simple test in this situation is the sign test that has a binomial distribution under the null hypothesis. To account for multiple testing (one test for each gene), we used the conservative Bonferroni method, which corrects the type I error probability (α error) by dividing it by the number of tests (395 × 2) performed. In our model, if the value for a particular mRNA was on the same side of the regression line in more than 47 of the 64 comparisons, then the critical value (P = 0.05/790) for a difference of HS versus control muscles at a 5% significance level was reached.
Because statistical significance is calculated from multiple regressions, this method does not lend itself to obtaining a single value for the distance of an individual transcript from the regression line; that is, the ratio of suspended versus control is not quantifiable in this approach. To obtain an estimate of the relative ratios between the two states for a given mRNA, we therefore calculated ratios between normal and atrophied m. solei transcripts from the average signals, after background correction and normalization, by the sum of signals of the 395 mRNAs that were detected on all filters. This approach is akin to a biological-posthoc analysis.
Test-retest reliability
To test the reproducibility of the reverse transcription (RT) and filter hybridization and the RNA of one control and one suspended m. soleus was divided into two aliquots each. Individual hybridization targets were generated from the four samples with RT carried out in aliquots of the same mastermix. The generated cDNAs were hybridized on four identical arrays. A concordance correlation coefficient (R 2 ) of 0.96 each was calculated from the comparison of the 395 signals between the two filters hybridized with the probes generated from the control and HS m. soleus, respectively.
Validation of array results with quantitative RT-PCR (reverse-transcriptase polymerase chain reaction) analysis
Aliquots of 1 µg total RNA from the same samples used to generate 32 P-labeled hybridization targets were reverse-transcribed with the SuperScript First Strand cDNA synthesis System (Life Technologies, Basel, Switzerland) by using random hexamer primers and following the manufacturer's instructions. For real-time PCR amplification, reactions were carried out on aliquots of ~1 ng cDNA in 96-well plates sealed with adhesive covers on a PerkinElmer Prism 5700 Sequence Detection System with probe detection via SYBRGreen (Applied Biosystems, Rotkreuz, Switzerland). All samples were measured in triplicate; mRNAs yielding low (TPP II and NVP-3), medium (Cat L, TIMP-2, and LCAD), and high signals (RPL19, H-FABP) were analyzed. The chosen transcripts were either induced (RPL19, NVP-3, Cat L, TPPII, TIMP-2) or decreased (LCAD, H-FABP) with unloading. The primers were designed with the Perkin Elmer Primer Express software to comply with the standard cycling conditions recommended by the manufacturer. Homology to primers that Clontech had used to generate the probes for spotting on the membrane was of no concern for this validation experiment.
The mRNA values were related to the values obtained for 28S for each total RNA sample. For 28S PCR, 10 pg cDNA was used per sample. For the analysis of the PCRs, we applied the comparative CT method described in User Bulletin#2 of the ABI Prism 7700 Sequence Detection System (Applied Biosystems).
RESULTS
Muscle atrophy
35-day HS of rats significantly (P < 0.001) reduced the m. soleus wet weights from 116.9 ± 5.1 to an average of 45.4 ± 4.5 mg, values similar to those found in other studies of the same duration of suspension (7).
Sensitivity of microarray analysis in control m. soleus
The Atlas TM Rat 1.2 Array used in this study probes for 1,200 mRNAs with widespread expression; that is, found in many different cell types (mostly RNAs coding for proteins involved in cellular support processes). However, no cDNAs coding for proteins of muscle-specific structural proteins was present on the membrane.
A total of 395 of the 1,200 probed transcripts was detected reliably above background on the arrays with the skeletal muscle cDNAs (Tables 1-3 ). The signals of the most abundant of them, that is, gastric inhibitory polypeptide (GIP), Ca 2+ ATPase (SERCA2), and cytochrome oxidase subunits I, Vb/VIa, and IV, were up to 200 times more abundant than the transcripts with the lowest detected expression levels (e.g., serotonin 5HT2 receptor mRNA). The mRNA of ID1, one of the many low-level transcripts detected in this study, has been estimated at about 1E+6 molecules per µg of total rat m. soleus mRNA (22) . Assuming a molecular weight of 6E-19 g for ID1 mRNA (23) and 1%-5% of total RNA to be mRNA (24), we estimate ID1 mRNA to constitute 0.001%-0.006% of the mRNA population of rat m. soleus. Based on these considerations, we calculated that 1%-5% of totally expressed genes in control rat m. soleus is monitored by the Atlas TM Rat 1.2 cDNA arrays.
Transcript differences between atrophied (suspended) and control m. solei
Analyzing RNAs from eight control and eight suspended m. solei individually, combined with L1 regression and statistical analysis, allowed us to demonstrate small but significant differences in 105 out of the 395 transcripts (Tables 1-3 ). The proteins of these mRNAs are involved in virtually all of the cellular "support" functions covered on the array. Judging from their signal ratios, with four exceptions (i.e., H-FABP, GAPDH, IGFBP-5, and NRPYR5), all of the changes were less than twofold. To evaluate the significance of the observed mRNA expression changes, we compiled the results into "functional units."
Several genes involved in glycolysis were expressed at high levels and expression increased in 35-day HS m. solei (Table 1) . By contrast, the mRNA levels of four out of five genes involved in import of fatty acids into skeletal muscle fibers were all diminished with suspension ( Table 1) . The profile of genes involved in mitochondrial energy conversion was affected differentially (Table 1) . Only one out of six transcripts coding for proteins of beta oxidation (i.e., the mRNA of medium chain-specific acyl-CoA dehydrogenase) was changed (increased) with suspension. The signals of 15 mRNAs that code for proteins involved in oxidative phosphorylation were detected at strong levels. Three of them were increased significantly in suspended m. solei. Multiple mRNAs whose protein products are involved in vesicle trafficking were detected at a low abundance level ( Table 1 ). The mRNAs for IRAP, M6P/IGFR2, and VAMP3 were increase in suspended m. soleus (25) (26) (27) , whereas transcripts coding for small GTPases was down-regulated in suspended m. soleus. The level of the mRNA encoding the insulinotropic peptide GIP was unchanged ( Table 1 ).
The signals for 7 out of 10 detected transcripts coding for ribosomal proteins and 2 translation factors were up-regulated significantly in the atrophied m. solei ( Several mRNAs encoding sarcolemmal neuroreceptors involved in neurotransmission were found down-regulated or unchanged after 35 days of HS (Table 2) . Similarly, inhibitory metabotropic glutamate receptors were all reduced with 35 days of HS. In addition, the mRNAs of morphogenic receptors and ligands and a neurotransmitter mRNA were reduced with HS. The neuropeptide Y receptor 5 gene (NPYR5) was the only neuroreceptor of which the mRNA was increased by 35 days of HS. Transcripts encoding multiple voltage-dependent ion-channels were detected at a relative abundant level. The expression of several of these genes was increased in suspended versus control solei (Table 2) .
mRNAs coding for intracellular regulators of the cell cycle were expressed at a low level in rat m. soleus. They were affected differentially after 35 days of HS (Table 3) . Additionally, expressional adaptations of endocrine factors (extracellular regulators) of the cell cycle were detected. Many mRNAs that code for proteins involved in generation of second messengers and downstream signal transduction were affected in 35 days of HS (Table 3) .
PCR verification of transcript expression level
The relative levels of seven transcripts were determined in parallel to the microarrays by using real-time quantitative RT-PCR. The mRNA values from these RT-PCR determinations were calculated in relation to 28S rRNA. A regression analysis, as indicated in Figure 1 , showed that the average signal ratio (35 days suspended versus control m. soleus) determined with RT-PCR and microarrays showed a linear correlation (R 2 =0.74) of slope 1.13 with a confidence interval that includes unity. The concordance correlation coefficient (R 2 ) for the RT and hybridization processed from individual RNA extracts was calculated as 0.96.
DISCUSSION
Technical and statistical considerations
Detection of significant differences in gene expression depends on multiple biological and technical variables: i) the selection of tissue and physiological stimuli; ii) the efficiency of extraction and the reproducibility of RT of RNA (29); iii) the selection of the microarray determining the set of genes that can be assessed; iv) the sensitivity and resolution of the array technique; and v) the conditions for the statistical treatment of data.
A comparison of the replication of the RT and array processing steps on multiple arrays of the same RNA preparation from the same muscle tissue indicated a concordance correlation coefficient of 0.96 over a wide expression level. This finding is similar to that reported by others (30) and indicates that RT and array hybridization in our experiments had a satisfactory reproducibility. Of the 1,200 cDNAs spotted on the filter, 395 were expressed sufficiently to be detected. Calculations based on the abundance of ID1 transcript, one of the genes with the lowest signals observed, indicate that the microarray detects genes expressed at levels as low as 0.005% of the total population, as indicated by the manufacturer (31). Quantitation of these weak signals is hindered, in part, by uneven filter background radioactivity. Background correction is a known and hard-to-control source of systematic errors (20) . To circumvent the problem of bias associated with background correction, we chose a statistical approach by using robust regression to assess the significance of changes in gene expression. This is different from some commercially available statistical analysis packages that use background correction of the cDNA signals. Moreover, our statistical approach does not need normalization of signals to classical housekeeping genes, such as GAPDH. We found GAPDH expression to be changed by HS (by more than twofold) and therefore useless as a physiologically relevant base for normalization (32, 33) . The conditions that must be met for the statistical approach used in this study are the presence of a majority of mRNAs unchanged between experimental groups and a few outliers. Moreover, an adequate sample size is needed to reject the null hypothesis for low expressed genes (34) . Using m. solei from eight animals in each group, we detected small quantitative changes of even low abundant genes (see Table 3 ). With the statistical approach used, no quantitative information on the magnitude of the changes is obtained directly. For this, the average signal ratio (35 days suspended vs. control m. soleus) for each transcript was calculated posthoc from background corrected values. A validation of the expression level as detected by arrays of some low-and high-abundant transcripts carried out by real-time RT-PCR showed a reasonable correlation between the two methods ( Fig. 1) . From this we conclude that both techniques have a similar resolution (31) and that the ratio for a given mRNA signal (HS vs. control) detected with the Atlas TM Rat 1.2 cDNA arrays and the RT-PCR is reasonably close. The notion of a good correlation of array with RT-PCR data is supported further by the fact that the increase in GAPDH mRNA to a ratio of 2.13 as detected by our Atlas Array experiments closely corresponds to the 92% increase observed by Cros et al. (32) by RT-PCR in 28 days of HS rat m. solei. Furthermore, adaptive changes in the expression of genes belonging to various functional groups, that is, glycolytic enzymes, proteolytic and ribosomal proteins, and extracellular cell cycle regulators, were comparable with those of previous observations (9, 14, 18) (see Tables 1-3) . Therefore, in our hands and in this particular experimental setting, both techniques seem equally reliable to assess small-tomoderate changes in the gene profile occurring with prolonged unloading of rat m. soleus. cDNA arrays can therefore be considered an efficient and precise tool when investigating multiple adaptive alterations in skeletal muscle gene expression.
Data interpretation
With the exception of some 20 genes, among them TPPII and NPY5R, the genes detected have been reported previously as expressed in skeletal muscle (for a detailed list, see http://www.ana.unibe.ch/dept/syst/research/APPENDIX). Large differences in expression levels for the different mRNAs were identified. For mRNAs expressed as 0.01%-3% of the mRNA population, the signal intensity detected on ATLAS TM arrays can be considered to reflect the proportions of their mRNAs in the original isolate (31). Our estimates of absolute expression levels fell close or within this expression range; that is, 0.001% (nAChRε)-0.10% (GIP relative to the other genes involved in fatty acid import and voltage-dependent ion-channels correlates with their presumed role as major skeletal fatty acid binding protein and sarcoplasmatic calcium channel, respectively (35, 36) . But in general, for m. soleus, the expression of genes that belong to a particular functional group was found to be at a similar quantitative level. The results on transcript abundance (last column in Tables 1-3 ) therefore highlight the different contributions of genes in separate functional groups to the transcriptional makeup of normal skeletal muscle.
From the collection of widely expressed genes on the Atlas TM Rat 1.2 cDNA arrays, 105 of the 395 detected transcripts were found to be significantly different in m. soleus after 35 days of HS when compared with control animals. Given the number of transcriptional and posttranscriptional regulation steps of protein quantity and activity, our array data on the relative mRNA levels can serve only as an indicator for the type and direction of changes that occurred during HS.
To assess the biological significance of observed changes in expression levels, we assume the presence of an adaptive change when the signals of several mRNAs coding for proteins involved in a particular cellular function (e.g., protein degradation) did change statistically significantly and in the same direction (16) . A limitation to the interpretation of our results is that many of the detected mRNAs are expressed in different tissue types, not just in skeletal muscle cells. Because mRNA expression was not localized, the origin of most of the detected 395 mRNAs expressed within the m. soleus can, in many cases, not be allocated to a specific celll type(e.g., muscle fibers). However, for many mRNA species (CACNA1A, nAChR α-ε, mGluR3&7&8) (37-40), the specific cellular localization is known or their proteins' function is restricted to a specific compartment(e.g., MMP-2 and SCN1B) (39, 41, 42) . In some cases, the cellular origin of expression could be inferred from the (low) signal intensity; that is, neuroreceptors or the percentage distribution of these tissue types in m. soleus (43) . This assumption is supported by the mRNA levels of CACNA1A, nAChR α-ε, and mGluR3&7&8, which are expressed exclusively in nerve cells and at the neuromuscular junction (37) . These were nearly 50-fold lower than the expression of abundant skeletal muscle fiber genes, such as SERCA2.
Many of the detected genes are involved in distinct biological processes, which thus permits study of the adaptation of functional groups to prolonged HS. In the following, novel aspects and previously not documented transcriptional adaptations to prolonged unloaded rat m. soleus will be discussed, as well as their biological relation to transformations and remodeling of muscle (fibers). The complete list of 395 transcripts can be found under http://www.ana.unibe.ch/dept/syst/research/APPENDIX.
Novel aspects of expressional adaptations of genes involved in metabolism and protein turnover
Glycolysis
The coordinated increase in the expression of genes involved in the cytoplasmic conversion of glucose to pyruvate; that is, PFKM, ALDOA, and GAPDH, in 35-day HS m. solei (Table 1) , agrees with the established fiber-type shift from (oxidative) type I to hybrid type I/II and (glycolytic) type II fibers during HS (8) and enhanced use of glycogen in the atrophied m. soleus (44) . The mRNA of adenylate kinase 1 (AK1) ( Table 1) , an enzyme that controls glycolytic flux, was also increased moderately (45) . The size of these changes is comparable with values obtained in earlier studies (8, 11, 32, 46) .
Fatty acid import
Four mRNAs whose proteins are involved in the uptake and transport of fatty acids from the blood into the muscle fibers all decreased to a similar extent ( Table 1 ). The LDL receptor and SR-BI are involved in the uptake of HDL cholesterol and LDL (47) (48) (49) . FATP is present at the sarcolemma, where it is involved in transport of long fatty acids through the sarcolemma (50-52), whereas H-FABP likely transports FA from the sarcolemma to their intracellular sites of metabolism (35, (51) (52) (53) (54) . H-FABP is especially abundant in muscle cells and oxidative fibers and changes in concert to modulations in fatty acid use (35, (51) (52) (53) (54) . At this time, our study appears to be the first to analyze the expression of a whole substrate transporter system during atrophy.
Mitochondrial energy conversion
No change was observed for most mRNAs encoding enzymes involved in beta oxidation of fatty acids (Table 1) , whereas some mRNAs coding enzymes of oxidative phosphorylation and phosphate metabolism were increased moderately after HS (Table 1 ). This differential effect of unloading corresponds to the slightly elevated or unaltered levels of mRNAs and specific activities of mitochondrial enzymes described in other studies, as well as an unaltered capacity of mitochondria to oxidize pyruvate and palmitate (8, 44) . These and our data comply with the small but significant increase in mitochondrial volume reported in rat m. solei after 35 days of HS (7).
Vesicle transport: IRAP, M6P/IGFR2, and VAMP3, whose mRNAs were all increased in suspended m. soleus (Table 1) , have been implicated in glucose uptake, mediated by the major insulin-mediated glucose transporter of skeletal muscle, glut-4 (55, 56) . This indicates that transcriptional adaptations in mRNAs which protein products are associated with glucose transport via glut-4 vesicles and glycolysis are matched (i.e., increased co-incident. Furthermore, a down-regulation of distinct low abundant transcripts coding for small GTPases and annexin IV-involved in regulation of interorganellar vesicle transport (57, 58)-was noted in suspended m. soleus (Table 1) . Such expressional changes likely reflect adaptations in the web of molecular events that coordinates vesicle trafficking and organelle biogenesis (56, 57) and may be related to the adaptations of nutrient transport pathways with HS. Alternatively, the changes in small GTPase mRNAs may also be related to differences in synaptic vesicle dynamics between slow and fast rat muscles (59) .
Insulinotropic peptide
Among the 395 detected transcripts, some did show strong signals that were expected to be expressed at a low level or not at all. This was the case for glucose-dependent insulinotropic polypeptide GIP mRNA, which was the most abundant transcript on the arrays. Little information on its expression in skeletal muscle is available. GIP was isolated initially from porcine intestine. It potentiates glucose-stimulated insulin secretion, glucose uptake, glucose oxidation, and glycogenesis in various extrapancreatic target tissues, including skeletal muscle (60) . However, GIP expression has not been detected before in skeletal muscle. Its high expression indicates that skeletal muscle may have unsuspected para-and possibly endocrine functions in glucose metabolism.
Overall, our data confirm the expected significant elevation of glycolytic mRNAs, concomitantly with mRNAs encoding glut-4 associated factors, plus a moderate augmentation of mRNAs involved in oxidative phosphorylation with a drop in mRNAs of proteins involved in the import of fatty acids. In response to HS, increased insulin sensitivity, as well as increased Glut-4 and associated glucose transport that persists for at least 5 weeks (61), have been established for rat m. soleus (25) (26) (27) (62) (63) (64) . Although the complex system of glucose homeostasis is regulated at many levels (65), the increased mRNA of the glut-4 vesicle associated VAMP3, M6P/IGFR2, and IRAP indicates that an increase in the glut-4 vesicle pool could contribute to the increased glucose transport capacity that is associated with HS (63, 66, 67) . We also found an increase in the mRNA of NPYR5, a receptor belonging to a class that controls vasoconstriction, glucose uptake, and glycolytic flux (68, 69, 70) . This increase parallels the vasoconstrictory (71, 72) adaptations and the changes in glucose-uptake (25, 26, 62, 64) seen in HS m. soleus. We interpret the decrease in the mRNAs encoding fatty acid import proteins as a regulation towards reduced fatty acid uptake and transport in the atrophied m. solei, concomitant with its adaptation toward a greater glycogen utilization (44) and a generally reduced energy demand.
The loss of m. soleus protein mass is due primarily to the decline of slow twitch myofibrillar protein content. According to Booth et al. (10, 73) , the alterations in protein turnover on HS can be subdivided in three phases: phase I, rapid decline in protein synthesis during the first three days after HS; phase II, delayed increase of protein degradation rate with a maximum after 10 days of HS; phase III, decrease of protein degradation rate and establishment of a new protein degradation/synthesis equilibrium at 24 days of HS. It is assumed that myofibrillar proteins are degraded mainly by ubiquitinylation and subsequent proteolysis of tagged proteins by proteasomes (9), whereas lysosomal proteases are not involved in the breakdown of myofibrillar proteins (74) .
Intracellular protein degradation
The distinct but modest increases in the signals of particular lysosomal protease mRNAs; that is, cathepsin C, L, and D, when compared with the strong induction reported in rat m. soleus after 9 days of HS (9, 75) , indicate a reduction of the initial, suspension-induced up-regulation of lysosomal proteases between days 9 and 35 of suspension. Conversely, a selective increase in expression of some enzymes involved in cytosolic protein degradation by proteasomes (i.e., TPPII, UBE2B, rP28 alpha, and carboxypeptidase D) in 35 days of suspended m. solei was noted (Table 1) . Increased UBE2B mRNA has been observed in m. soleus after 9 days of HS (9, 76) . rP28 alpha enhances the uptake (and release) of shorter peptides to the proteosome (77), whereas the oligopeptidases TPPII (and carboxypeptidase D) continue the protein degradation process initiated by the proteosomes and cleave the oligopeptides that emerge from the proteasomes into tripeptides (78) . The distinct changes in these mRNAs described above suggest that the intracellular proteolytic machinery in 35 days of suspended m. soleus, shifts from initially enhanced degradation of (long) myofibrillar proteins to enhanced degradation of (shorter) abundant species (76) .
Extracellular protein degradation
The array results provide evidence for a concerted increase in the mRNAs coding for the extracellular proteases MMP-2, u-PA, as well as TIMP-2 and -3 (the inhibitors of MMP-2 and MMP-3, respectively) ( Table 1) . Increases in MMP-2 mRNA have been documented before in regenerating mouse and chronically stimulated rat skeletal muscle (41, 79) . The increased expression of matrix proteases is taken as an indication of remodeling of the extracellular matrix in these models. The concomitant induction of the metalloproteinase inhibitors TIMP-2 and TIMP-3, together with the mRNAs of their proteases, indicates that the extracellular protein degradation is balanced (80) .
MMPs are known to increase capillary permeability; MMP-2 has been connected to activityinduced capillary remodeling (79) and increased axon growth, as well as degenerationregeneration processes of myofibers (81, 82) . Similarly, u-PA induced events can influence skeletal muscle fusion and Schwann cells (82, 83) . Increased extracellular proteases could be involved in the inactivity-induced remodeling of the capillary bed or in demyelination of suspended rat m. soleus (81) . Remodeling of nerves is further suggested by changed expression in morphogenic factors (Table 4) .
Protein synthesis
The augmentation of transcripts that code for ribosomal proteins and translation factors in the atrophied m. solei (Table 1) appears to be at odds with the significant muscle atrophy encountered. However, a similar up-regulation of ribosomal proteins has recently been reported in atrophying fast-twitch rat m. gastrocnemius (18) . The observed increase in these transcripts may reflect increased polysome size with HS and may indicate decreased protein synthesis rates (84) . An increase of the connective tissue space versus myofibrillar compartment in the atrophied rat m. soleus (43) may be a contributing factor (85) . Additionally, muscle protein turnover of some species could be augmented in the atrophied state.
In conclusion, our mRNA data on enzymes of intracellular protein degradation pathways suggest that degradation of small non-myofibrillar and extracellular proteins is still enhanced, and that the activity of the ribosomal machinery is also mildly elevated in 5 weeks HS m. soleus. Our results will serve as a starting point for the investigation of protein turnover in different compartments of atrophied skeletal muscle (43) .
Expressional changes indicating regression of the muscle-nerve interaction and in excitation-contraction coupling
The expression level of all detected neuroreceptors and transmitters was low (<10 signal units). This finding is in line with a preferential or exclusive expression of these mRNAs at the neuromuscular junction, and in synapses of the vasculature innervation (37, 38, 86, 87) .
Neuroreceptors and transmitters
A strong trend toward a down-regulation of mRNAs encoding sarcolemmal excitatory (nAChRα and δ, mAChRM2, and 5HT2A) and motoneuronal inhibitory neuroreceptors (mGluR3, mGluR7, and mGluR8) was seen after 35 days of HS (Table 2) (88) (89) (90) . Furthermore, reduced expression of neurotransmitter SGII, as well as morphogenic receptors and ligands (UNC5H2, NPTXR, and NT-3)-involved in outgrowth of nerves and formation of synapses-and the nerve-specific calcium channel CACNA1A (39, 91) were detected. NPYR5 was the only neuroreceptor gene of which the mRNA was increased after HS. NPYR5 has not been detected in muscle before (92) ;however, NPY receptors are reported to exist in the skeletal muscle vasculature (86) . Therefore, our results support the notion that transcriptional changes in vegetative and in neuromuscular synapses occur with prolonged suspension of m. solei (3, 71, 72) . Our findings can be linked to the observations that the percentage of slow-type decreases in favor of fast-type motor units and to changes in innervation of the arterial vasculature in HS m. soleus (6) . The data on 35-day HS m. soleus are compatible with regression of motor synapses, similar to 12.5 days of space flight in m. adductor longus (93) .
Voltage-dependent ion-channels
HS led to increased abundance of mRNAs coding for ion-channels and a transporter, which are involved in membrane excitability in nerves, and at the neuromuscular junction (SCN1B, SCN2A1, Kir2.2, and Na,K-ATPaseα2) (42, 94, 95, 96, 158) , as well as in mRNAs involved in excitation-contraction coupling (i.e., SERCA2) ( Table 2) . Their relative abundance (≥15 signal units) supports the notion that muscle fibers are the source of these mRNAs (97, 98) . The concurrent increase of some of the mRNAs of voltage-dependent ion-channels involved in excitation-contraction coupling suggests that this adaptation is concerted.
Several SERCA2 isoforms are expressed in rat tissue; the two major ones are expressed specifically in the slow muscle fiber-type and encode the main calcium pump of the sarcoplasmic reticulum (36, 99) . The probe on the rat 1.2 array recognizes all three known SERCA2 spliceforms (unpublished observations, Clontech Laboratories, Inc.). Given that the relative area of type I fibers drops from 97.2% to 52%, a likely explanation for the increase in SERCA2 mRNA is the increase of type I/II hybrid fibers from 0.7% to 27% and the concomitant remodeling of the SR (83) . Moreover, the increased levels of SCN1B and Na,K-ATPaseα2 mRNA in HS m. solei are compatible with its modification towards a faster muscle (8, 17, 97, 100) .
If the observed adaptations in voltage-dependent ion-channel mRNA expression described above are translated into corresponding changes in protein, distinct modulation of excitationcontraction coupling would be expected. Increased expression of SCN1B and SCN2A1, the central pore forming and modulatory subunits of the voltage-gated sodium channel (95, 96) , potentially indicates faster influx and increased amplitude of the sodium current into the sarcoplasmic compartment after initial membrane depolarization following AChR release at the endplate (94) ( Table 4 ). This is compatible with a faster depolarization and a faster signal propagation. The increase in the inward rectifying potassium channel (Kir2.2) is expected to favor the outward flow of K+ near the resting membrane potential and thereby contribute to its setting (88, 101, 102) . The increased transcript of the Na,K-ATPaseα2 channel suggests that the capacity to regenerate the resting sarcolemmal potential is augmented due to the higher proportion of type II(A) fibers in the atrophied rat m. soleus (97) . The observed changes in ionchannel mRNAs may be at the start of a series of other temporally linked events (like expression of myosin isoforms) that contribute to the observed shortening of twitch-time-to-peak in 14-day HS rat m. soleus and to the reduced relaxation-time occurring with unloading of skeletal muscle (6, 8, 100) .
Expressional changes of regulatory genes
Satellite cells play a salient role in muscle plasticity; they can enter the cell cycle (thereby, proliferate and divide) or exit the cell cycle reversibly (growth arrest) or irreversibly through fusion with fibers and expression of muscle genes (differentiation) (103, 104) . The latter process contributes to the replenishment of fiber nuclei (103, 105) . Further events seem to govern the switch from expression of the battery of slow-toward-fast fiber-specific genes in myonuclei (106) .
Intra-and extracellular regulators of the cell cycle
The decision of a cell to proliferate and divide, or to exit the cell cycle, is controlled by intracellular (often nuclear) and extracellular factors. The expression of many of the regulatory genes detected in this study is associated with a distinct phase of the cell cycle related to the overall cell cycle state of atrophied m. soleus.
The low level of cyclin D1 mRNA, and the detected increase in I-kBα and Rb expression, is compatible with more (skeletal muscle) cells that have exited the cell cycle (104, (107) (108) (109) . Reduced (muscle) cell proliferation in the HS m. solei is supported further by a lack of change in the mRNAs of ID1 and ID3, as their expression increases during proliferation (107, 110) .
The correlation of a high mRNA level of cyclin G, in combination with low cyclin D1, with cell cycle arrest (111) and no change in p21 transcripts (whose inductions is a hallmark of irreversible cell cycle exit of muscle cells) (103, 105, 112) argues for enhanced reversible cell cycle exit (growth arrest) of satellite cells.
The conclusion on enhanced cell cycle exit in 35-day suspended m. soleus is supported further by the increased expression of extracellular inhibitory regulators of proliferation and differentiation of cultured skeletal muscle cells, IGFBP-5, and IGFBP-6 (Table 4 ) (113) . The increase in IGFBP-5 and IGFBP-6 mRNA, whose proteins inhibit the action of IGFI and IGFII, points to more quiescent and differentiating muscle cells (113, 114) . Increased IGFBP-5 mRNA in m. soleus of mice has been reported after 8-day HS (14) . Meanwhile, the reduced transcript level of the extracellular positive regulators of muscle cell proliferation, HGF (28, 108) , suggests reduced satellite cell proliferation. This corresponds to the observed reduction of satellite cell proliferation in m. soleus early on (3 days) after onset of HS (12) . Taken together, the expression profile of cell cycle regulators detected in 35 days of HS rat m. soleus likely reflects transcriptional reprogramming of terminally differentiated myotubes and fiber-associated cell structures towards a fast-type muscle.
Signal transduction
Several mRNAs that code for proteins regulated by intracellular Ca 2+ or that are involved in regulating intracellular Ca 2+ (phospholipase C isoforms (PLC beta 1, PLC gamma 1, PLC delta 4), calcium/calmodulin-dependent kinase kinase (CamKK), protein kinase C beta (PKC beta), calcium binding protein 2, and calbindin (D28) were changed after HS (Table 4) (115) (116) (117) (118) (119) (120) (121) (122) . It is noteworthy that only a subset of transcripts encoding proteins associated with Ca2+-signaling were found to be changed with 5 weeks HS, whereas most were unchanged, such as calcium/calmodulin-dependent kinase I (CamKI) and CamKII isoforms (alpha, beta, and delta), and PKC isoforms (alpha, gamma, delta, epsilon, and zeta) (see http://www.ana.unibe.ch/dept/syst/research/APPENDIX). Some of the changed mRNAs code for enzymes involved in phosphorylation cascades (PKC beta, PKC inhibitor protein (KCIP-1)), CamKK and the receptor-linked protein tyrosine phosphatase (PTP-PS)), and for oligonucleotide binding proteins such as dC-stretch binding protein, max, and genes already discussed with cell cycle regulation. Protein kinase C beta and the PLC isoforms are involved in insulin-mediated glucose uptake in rat m. soleus (119, 123) . In the rat, several of the genes in this category (Gprotein coupled receptor, PLCs, adenylyl cyclase type II, KCIP-1, calbindin D28) are highly expressed in nervous tissues, but low abundant in skeletal muscle (115, 115-117, 120, 124-127) . Their low expression level on the microarrays indicates nerves as the possible origin of these mRNAs. We interpret the changes in these signal transduction protein mRNAs as an indication of adaptations in the cellular regulatory network to the new atrophied muscle state.
In conclusion, our study demonstrates that commercially available microarray technology (Clonetech Atlas TM Rat 1.2 cDNA Array), combined with robust statistical regression analysis that circumvents background correction problems and does not depend on normalization, is a valuable tool for investigating adaptations of the rat skeletal muscle gene profile. Small differences of low abundant genes can be detected reliably, whereby the magnitude of the difference in expression level was determined posthoc by using background corrected values. The subsequent examination of concomitant changes in expression of gene families involved in distinct biological functions allowed us to value the wealth of generated data in view of system physiologically relevant phenomena.
Evidence suggests a coordinated increase in the expression of genes involved in metabolizing carbohydrates; that is, glut-4-mediated glucose uptake and glycolysis, and a down-regulation of genes involved in fatty acid import, which contributes to the changes in the substrate profile; that is, a higher reliance on carbohydrate (44), in HS m. soleus. Changes in small GTPases also indicate a concomitant modulation of nutrient trafficking. The up-regulated expression of distinct components in the intra-and extracellular proteolytic and in the translation machinery indicate that protein turnover may not yet have reached a new steady state after a 5-week HS. Original observations on changes in a series of transcripts encoding regulators of the cell cycle document extended growth arrest and illustrate the reprogramming of the expression profile of myonuclei and fiber associated cell structures from a slow-type toward a fast-type muscle. Concurrent adaptations in several new mRNAs of voltage-dependent ion-channels, neuro-receptors, andtransmitters, invoke mechanisms involved in the regression of nerves and point to previously not documented changes at the neuromuscular junction and excitation-contraction coupling with atrophy of m. soleus. These latter changes could be steps in a sequence of complete slow-to-fast transformation of muscle fibers and associated nerves, as slow-type motor units are transformed towards fast-types in HS m. soleus (6) . The high expression of the insulinotropic peptide GIP indicates that muscle could be a para-or endocrine organ.
Overall, the results indicate that distinct changes in the gene profile contribute to late-stage atrophic process in rat skeletal muscle. The findings have bearing for the understanding of pathophysiological adaptations of skeletal muscle and define a venue for further research on the selective role of individual gene groups in the atrophy process, whereby microarrays are an extremely efficient tool to direct efforts for complementary investigations. Table 1 . Summary of the microarray analysis. Names, abbreviations and Genbank identifier (ID) of a selected set of transcripts detected in rat m. soleus. The relative ratio of average expression (suspended versus control) for transcripts that were significantly changed by 35 days of suspension (P< 0.05) are displayed; a minus sign denotes no significant trend. Up-regulated and down-regulated transcripts are in a black or a gray box, respectively. Signal intensity corresponds to the average of the signal intensity from eight controls as recorded on the phosphorimager/1,000 (designated signal units). Transcripts with average expression of >15 signal units are in bold as they are above the approximate threshold for muscle-specific expression. For each gene an indication is given if the corresponding transcript or protein (activity) was measured for the first time (Y), or not (N), in skeletal muscle atrophy lasting longer than 7 days. Genes that transcript or specific protein (activity) that were measured for the first time in skeletal muscle are underlined. Transcripts for which an 
